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Bacterial enhancer-binding proteins (bEBPs) are AAA+ ATPases that remodel s54-RNA polymerase holoen-
zyme for transcription. Chen et al., in this issue of Structure, show the R-finger, a conserved AAA+ arginine
residue, drives structural changes that allow the ATP-bound bEBP to engage s54 en route to remodeling.Nanomachines in nature are powered by
nucleotide hydrolysis (generally ATP) to
carry out work in assorted cellular pro-
cesses. Our knowledge of how ATP
binding and hydrolysis is captured by
proteins for remodeling macromolecular
complexes and driving mechanochemical
systems is growing rapidly, but is still
based on dim glimpses of only a few
systems. Recent studies have provided
insight into the structural basis by which
mechanochemical coupling operates in
bacterial enhancer-binding proteins
(bEBPs).
bEBPs are specialized ATPases that
activate transcription by a form of RNA
polymerase containing the alternative
sigma factor s54 (s54-RNA polymerase
holoenzyme, or Es54), and are members
of the large AAA+ protein family. Upon
engaging s54, bEBPs hydrolyze ATP to
promote conformational changes in s54
and the RNA polymerase core enzyme
to allow the formation of transcription
complexes where the DNA is melted.
Once the DNA is melted, the activated
RNA polymerase is able to initiate tran-
scription of genes involved in a myriad of
cellular activities that, depending on the
bacterial species, include nitrogen meta-
bolism, carbohydrate utilization, solute
transport, flagellar biosynthesis, develop-
mental pathways, and virulence factors.
One major mechanistic issue concerns
how the different nucleotide-bound states
of bEBPs that result during the ATP
hydrolysis cycle function to promote the
binding and remodeling of s54 and the
subsequent release from the sigma factor
once thework has been done. Complexity
arises because bEBPs, like most AAA+
proteins, are self-associating complexes
with ATP bound between the six or seveninterfaces found in their hexameric or
heptameric ring configurations (Chen
et al., 2010; Rappas et al., 2006; Sallai
and Tucker, 2005). At each interface,
major contact with ATP occurs via the
highly conserved Walker AB, Sensor I,
and Sensor II components of one proto-
mer, and the catalytically critical R-finger
of an adjacent protomer.
Captured by X-ray crystallography and
studied in solution by X-ray scattering,
Tracy Nixon and coworkers provide a
model in a paper appearing in this issue
of Structure for how the R-finger elicits
changes in the structure of a bEBP to
allow binding to s54 in the ATP-bound
state (Chen et al., 2010). To do so, Nixon
and colleagues used a variant of Aquifex
aeolicus NtrC1 (an activator of Es54
whose physiological role is unknown) in
which they replaced the Walker B gluta-
mate with alanine so that the protein could
bind ATP but not hydrolyze it. A compar-
ison of the structure of the ATP-bound
NtrC1 variant with that of ADP-bound
wild-type protein (Lee et al., 2003)
showed a large and coordinated dis-
placement of the L1- and L2-loops,
revealing that the bulk of these two unique
structural features of bEBPs form a rigid
body that moves during the work cycle.
The L1-loop contains a GAFTGA motif
that interacts with s54, and in the ATP-
bound state, the L1- and L2-loops extend
above and away from the plane of the
ATPase ring, enabling the bEBP to grasp
s54. This result was not unexpected since
previous low-resolution structures of
NtrC1 and other EBPs bound to ATP
analogs have indicated major movement
of the L1- and L2-loops (Chen et al.,
2007; Rappas et al., 2005). What is novel
about the results is that engagement ofStructure 18, November 10, 2010 ªthe R-finger by the g-phosphate of ATP
propagates a network of structural
changes on the R-finger side of the inter-
face (i.e., in cis interactions) to mediate
the displacement of the L1- and L2-loops
(Figure 1). Current findings on the role of
the NtrC1 R-finger and prior studies by
the Buck and Zhang labs on the bEBP
PspF suggesting that the Walker B gluta-
mate acts as an atomic switch to mediate
movement of the L1- and L2-loops via
a set of cis-interactions on the Walker
side of the interface may be compatible
with more than one state of bEBP
engagement with s54 (Zhang and Wigley,
2008).
A caveat of all of the structural studies
on bEBPs to date is addressing the uncer-
tainties that arise from studying fully apo-,
ATP-, or ADP-occupied self assemblies
and mutant forms of these proteins.
Indeed, mixed nucleotide-bound states
seem to operate in the bEBP PspF, so
multiple different functional states seem
likely to exist within a working self as-
sembly (Joly et al., 2006). Coordination
of these states across at least a part of
the self assembly seems inevitable, and
is likely mediated by the networks of inter-
actions that involve in cis and in trans resi-
dues that establish a conformational link
to the bound nucleotide, and in particular
the presence or absence and probably
the state of the g-phosphate of ATP. The
tethering of L1- and L2-loops of adjacent
subunits seen in the new structure of
NtrC1may play a role in such interactions.
In addition, multiple ATP-bound states,
potentially reflecting an annealing of the
protein structure around the ATP, may
also exist within a self assembly as re-
ported recently for the transcription termi-
nator Rho (Thomsen and Berger, 2009).2010 Elsevier Ltd All rights reserved 1391
Figure 1. ATP and ADP Stabilize Different Conformations of bEBPs
(A) In the absence of the g-phosphate, ADP (red bar) stabilizes a conformation
in which the L1- and L2-loops are parallel to the ATPase ring and pointing into
the lumen of the ring.
(B) In the ATP-bound form, the g-phosphate of ATP (black circle) is engaged by
the R-finger (circled R) of the adjacent protomer resulting in the upward
displacement of the L1- and L2-loops and allowing the bEBP to bind s54.
Displacement of the L1- and L2-loops results from a network of in cis structural
changes that propagate away from the engaged R-finger and is represented
by the yellow arrows.
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s54, the power stroke associ-
ated with ATP hydrolysis,
relocation of the R-finger to
its resting position, release
of phosphate, and retraction
of the L1- and L2-loops are
proposed to remodel the
sigma factor to allow melting
of the promoter DNA. Recent
studies describing the func-
tionality of a bEBP-bound
state of Es54 prior to ADP+Pi
formation or release support
this view (Burrows et al.,
2010). The molecular details
for the process linking remod-
eling of s54 and DNA openingare for the most part completely
unknown. EBPs appear to tightly grip
s54 asymmetrically along one side of the
ring, where they project a series of
dynamic loops upwards to capture the
protein. bEBPs are known to interact
with the N-terminal region of s54 (region
I), but the structural feature that the
bEBP grabs onto and might pull on in
coordination with ATP hydrolysis remains
obscure. Coupling of sigma conformation
to RNAP functionality is likewise not well
understood at the molecular level, but
appears to involve the loss of repressive
DNA fork junction interactions at the
promoter to allow DNA delivery into the
RNA polymerase DNA-binding cleft. A
directionality of grip on sigma and asym-1392 Structure 18, November 10, 2010 ª201metric and ATP-coordinated engagement
seem to be at play. Crystallographic and
other structural studies on bEBPs are
beginning to unite many years of molec-
ular biology and biochemistry, and are
strongly suggestive of dynamic models
from which mechanisms for molecular
motion are inferred. Despite all of these
advances in our knowledge of bEBPs,
we still have not seen the bEBP bound
to its enhancer sequence in action with
Es54 at its promoter. Applications of
new single-molecule and rapid kinetics
techniques for directly monitoring bEBP
functionalities, together with additional
crystallographic snapshots of bEBP-s54
complexes, are likely to pave the way
for a more complete understanding of0 Elsevier Ltd All rights reservedhow the ATP drivenmolecular
engagements play out in
time. Such studies will illu-
minate the dynamic and or-
dered world of cellular
function.
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